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ABSTRACT 


The etrly vallcUtlon of a 20 year service Integrity Tor the bonded 
Interfaces In silicon solar cell Modules Is an Inportant requlreaent In the 
Low Cost Solar Array (LSA) project. 

The first annual report (Science Center Report No. SC5106.22AR) 
details the results of a physical/chealcal stucV of room teaperature 
vulcanized (RTV) silicone rubber and thenaoplastic polyvinyl butyral (PYB) 
encapsulant systems and outlines a materials characterization program for 
potential encapsulants In LSA systems. The second annual report (Science 
Center Report No. SC5106.49AR) documents the results of computer controlled 
ultrasonic and optical /el llpsometr 1c mapping for Interfaclal defect 
characterization and provides reconmendatlons for In-process nondestructive 
evaluation (NOE) of solar cell arrays. 

In the present third phase of study detailed In this annual report 
emphasis Is placed on the development and validation of an atmospheric 
corrosion model and test plan for low cost solar arrays undergoing outdoor 
service and aging at the Mead, Nebraska test site. 
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1.0 OBJECTIVES I 

I 

The general objective of this present phase of the prograa was to j 

carry out a combined theoretical and experimental study aimed at validating | 

one or more atmospheric corrosion models for LSA modules. Specific objectives | 

are stated as follows: 

1 

1) The models are to consider Interactions between the various 
module components as well as environmental conditions. 

2) Environmental stresses should Include, but not be limited to, | 

moisture, thermo*inechan1ca1 cycling, UV, and pollutants. 

3) For this study, the corrosion models should apply specifically 
to modules deployed at the Mead, Nebraska experimental site. 

4) A corrosion test plan and a corrosion simulator should be 
developed and demonstrated. 
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2.0 THE MEAD TEST SITE 

2.1 Corrosion Mechanisms (Scanning Auger-Mlcroproflllng) 

a. Two Independent, materials related, corrosion mechanisms are 
Identified for Sensor Technology and Solarex modules. 

b. Sensor Technology - staining of the silicon suboxide (S10) antl- 
reflectance coating appears to be correlated with tin (Sn) 
diffusion and formation of a 6QA tin or tin o»1de layer on the 
anti reflectance coating. 

c. Solarex - staining of the metallization Is correlated w1^ 
diffusion of silver (Ag) from the metallization through the 
anti -reflection coating followed by reaction with S and Cl to 
form a 50 A Ag 2 S, AgCI l^yer on a 300 A silver film. 

2.2 Atmospheric Corrosion Model 

a. An atmospheric corrosion model has been developed which predicts 
the corrosion rate as controlled by surface condensation, and 
diffusion limited current. 

b. Atmospheric corrosion monitor (ACM) data from Mead site verify 
the predictions of the atmospheric corrosion model. 

c. Uncoated ACM data shows corrosion rate to correlate directly 
with surface moisture condensation. 

d. Silicone primed and coated ACM data show that by lowering the 
limiting diffusion current at the metal -encapsul ant Interface 
that corrosion Is completely Inhibited. 
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AC iBpedance and I-Y Response Correlation 

a. AC lapedance neasurenents (fron 1 MHz to 10 aMz) have been 
successfully applied to show significant differences In Internal 
shunt resistance (R^^) which relate to photovoltaic efficiency. 

b. AC Impedance and atmospheric corrosion monitoring are both 
suggested as potential field monitoring methods for life cycle 
evaluation. 

Atmospheric Corrosion Simulator (Mead Site) 

a. An evaluation of Mead climatology extremes of maximum 
temperature T ■ 307*K, maximum solar radiation ■ 1000 W/m^, and 
maximum temperature change > 39*K and moisture supersaturation 
(maximun dew point temp, minus minimum temperature) ■ 37*K has 
been completed. 

b. A Mead site climatology simulator has been designed to reproduce 
the above Mead climatology extremes at 3 hour cycles with In 
situ AC Impedance and current- voltage (I-V) monitoring of single 
solar cells. 

c. Corrosion studies In the Mead simulator show that the 
macroscopic corrosion processes which occur at Mead are 
reproduced In the simulator and found dominantly related to UV 
radiation effects. 
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3.0 INTRODUCTION j 

i 

I 

A review of reported solar cell corrosion observations and ' 

consultations was carried out between personnel at the Science Center, JPL, 

Battelle Columbus Labs., and Mead, Nebraska Test Site of M.I.T Lincoln Labs. 

This review of solar cell corrosion resulted In the formulation of a set of 
multiple working hypothesis which qualitatively define the causation, 
microprocesses, and macroscopic effects of corrosion In LSA. This set of 10 
multiple working hypothesis are briefly summarized as follows. 

Causation 

1. Silicone (and other polymeric) encapsulants are permeable to water, 
oxygen and other gases whose reaction products can lead to further 
corrosion of the metallic substrates and interfaces In LSA. 

2. Corrosion products or salts not removed In the fabrication process 
will greatly accelerate the corrosion processes by forming corrosive 
aqueous electrolyte with the species diffusing through the 
encapsulant. 

Microprocesses 

1 

3. Corrosion Initiates at Interfaclal defect sites where aqueous 

electrolyte Is concentrated. ^ 

4. A condensed aqueous phase In the defect site Is required for 

corrosion. | 
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5. Moisture condensation Is maximized In voids with hydroscopic contents 
and 1\ydroph111c surfaces. 

6. If Interfaclal voids are Initially Isolated, then Isolated micro 
corrosion sites can be located by scanning Auger microscopy (SAM). 

7. When corrosion products accumulate, these corrosion sites should grow 
and coalesce with growth rates resolvable by SAM. 

Macroscopic Effect 


8. At some point, accumulation of corrosion products and corrosion site 
growth will Influence both macroscopic appearance and solar energy 
conversion efficiency. 

9. Chemical (UV) degradation of encapsulant can produce new degradation 
products, voids, and Increased hydroscopic response which accelerates 
and possibly modifies the mechanism of corrosion. 

10. Accumulation of hydroscopic and hydrophilic dirt further promotes 
water absorption and retention. 

These hypotheses stress the Interactive role of Interfaclal defects 
and condensed moisture In corrosion, and Isolate causation factors from 
macroscopic effects. A combined predictive model and experimental test plan 
for encapsulant effects on atmospheric corrosion which utilize these Initial 
hypotheses was the main objective of this program. 
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4.0 CORROSION K)0EL AND TEST PLAN 


4.1 Mead. Nebratici Test Site Inspection 

This program concerning corrosion degradation mechanisms In LSA was 
Initiated with a field trip to a solar power generating station at the 
University of Nebraska, Niad, Nebraska, where over 2000 LSA photovoltaic 
modules are undergoing climatic exposure and performance demonstrations under 
a program managed by M.I.T., Lincoln Labs. Dr. J. Itoacanin, JPL and the 
writer visited the Mead site on March 17, 1979 and visited the following 
M.I.T. project personnel: Or. Steve Forman, Principal Investigator, Mr. Ray 
Hopkinson, Site Manager, and Ms. Pat Themells, Failure Specialist. 

The Mead site tests two silicon solar module types. The back row Is 
made up of 1512 Sensor Tech modules. These modules have SIO^ anti -reflection 
coatings and Nl/Pb-Sn metallization and Cu/Pb-Sn Interconnects. The chief 
visual feature of aging was the fading and staining of the anti -reflection 
coatings. The metallizations appear relatively stable In appearance with 
retention of metallic luster on 901 of front metallization and Interconnect 
surface. Occasional loss of luster Is noted but not predominant. M.I.T. 
associates the discoloration of anti -reflection coatings to Sn migration from 
the metallization as shown by Auger spectroscopy. 

The front row of the Mead arr^y contains 728 Solarex panels with 
Ta 205 anti -reflection coating, Tl/Pb/Ag metallization and Cu/Pb-Sn 
Interconnects. These panels show good appearance retention on anti -reflection 
coating and prominent staining and discoloration of the metallization with 
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Mtal 1uit«r rtpitctd by gr^ lusttrltsi file coebintd with progrtstivt 
yellow-orangt staining. Slellar Incipient aging of eaulllzatlon was 
axhtbltad by s Solarax panel under accelerated UV*eo1sture aging under 
laboratory conditions. Hardening of the silicone rubber encapsulant Is also 
noted by Mead site Inspectors and Is also shown In accelerated lab aging 
studies. 

Failed panels froe the Mead site are sent to Nr. Lan^ Dueas, or 
Nr. Solock at JPL for failure analysis. To date aost failures are due to 
Manufacturing defects that produce open circuit response or to cracked cells 
which break Metal conduction paths. The general effect Is a back bias 
response, localized heating and bum out of that portion of the solar Module. 

Specific Mead sitb panels showing above described appearance changes 
are as follows: 


Panel No. 

Manufacturer 

002130 

Sensor Tech 

003560 

Sensor Tech 

002881 

Sensor Tech 

002704 

Solarex 

003128 

Solarex 

001899 

Solarex 

003047 

Solarex 
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A plan was dtvtioptd to acquira both Stnsor Tad) and Solarax panalt both 
unagad and agad at Maad for laboratory chanical alcroanalytls of tha corrosion 
procassas dascrlbad abova. A plan was also davalopad to daplqy ataospharic 
corrosion snnltor (ACM) units at tha Maad tast sita. Thasa ACM units hava 
baan connactad to tha autoa^tlc data Kquisitlon systaa at Maad to provide 
continuous recording of corrosion currant as related to Maad cllaatology. 

4.2 Prallalnary Test Plans 

A prallalnary corrosion aodal and tast plan was developed based upon 
early review of Mead site data and experlaenul analysis of unaged and aged 
nodules used at the Miad site. The listing of nodule nsterlals for Sensor 
Tech and Solarex Mead arrays Is sumarlzed In Table 1. Field exaninatlon of 
nodules at Mead and surface analysis showed that the specific nechanlsns and 
sites of corrosion differ for the two nanufacturers. For Sensor Tech nodules 
the predoninant corrosion process Is evident as a staining and discoloration 
of the S10 anti -reflection coating which Is now confimed to be associated 
with the tin or tin oxide present In both netalllzatlon and Interconnects. 

Aged So1are.\ nodules show a progressive staining and corrosion of the netal- 
llzatlons which Is now analyzed as due to reaction of silver In the 
netalllzatlon allqy with sulfur which either renalns as a process contaninant 
or Introduced by diffusion of atnospherlc pollutants through the 
encaprjlant. 

A brief sunnai^' of an analysis of aging causes and effects Is 
presented In Fig. 1. The causes for aging and degradation of Mead nodules are 
related directly to Mead cllnatology factors shown In the upper left portion 


10 

C2413A/OS 



Rockwelllnt»matk)nal 

SoImim CmiIm 


SC5106.86AR 


Of Fig. 1 and tht wchanlsM for changt thOMO In tht uppor right portion of 
Fig. 1. Thi not offoct of Niad aging and corrotlon on photovoltaic porfor*- 
anco and rallablllty It directly axprattad In 1o«#tr Fig. 1 In tarii of the 
liaptd circuit «>dt1 for tolar coll rttponta and tht currant^voltago (I-V) 
profile with aaxlMi power point. 

Mead cllwitology hat been evaluated and correlated for teaperature 
and aolttura extreaet with ten year recordt accuwlated for Cleveland which It 
In a tiallar cllaate zone at thown In the aap view of Fig. 2. Naxlaua clear 
day tolar radiation for Naad It correlated with ten year recordt accuaulatad 
for Botton which Is at a tiallar latitude at thown In the aap view of 
Fig. 2. The following four extreaa conditlont: 

1) Naxlaua Solar Radiation ■ 1000 wattt/a^ 

2) Maxima Taaperatura (T 3 ) ■ 307K (3C or 93F) 

3) Maxima Teaoerature Change ■ 39K 

4) Maxiaiai aoitture tupertaturatlon ■ 37K 
(Naxiaua Dew Point Teaperature alnut 
Mlnlaui Teaperature) 

are telectcd for the tolar cell aging and corrotlon tett cell thown In 
Fig. 3. The upper view of Fig. 3 thow* a tchoaatic of an envl ronaental 
timlator which holds the back face of the tett tolar cell at T 3 ■ 307K and 
expotet the front face to aax1i>um tolar radiation ■ 1000 wattt/a^. Variable 
ataosphere exposure of the cell front face oscillates froa the aaxiaua 
supcrsaturatlon condition T^ (at 1001 RH) • T 3 37K to produce surface drying 
and thenul stress effects. A typical projected 24 hour sequence vf these 
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iwnts It shown In tho cycit history In the ^nwor vltw of Fig. 3. As 
Indicatoil In Fig. 3 nondostructlvo toltr c«1 i chsracttrizstlon ly AC Inptdsnco 
to Isolsto both striM R, and shunt Rg|, r^slstanca Is planned with analysis of 
this response by luaped circuit vdelt (see Fig. 1) and direct Masurtd l-Y 
response. At aiy point In aga testing a cell be sacrificed for detailed 
chemical n1cro«ana1ys1s by Auger electron spectroscopy coupled with depth 
profiling by argon Ion sputtering. 

A general LSA life pred1ct1o>’i prograe Is outlined In Fig. 4. This 
outlined Masureiient and analysis program encompasses the aglnp causes and 
effects described In Fig. 1 In a detailed plan and flow chart for analyzing 
module materials and Need environmental effects on photovoltaic reliability 
and durability* The measurement and analysis program Is listed on the right 
side of Fig. 4 with ttit' present Science Center corrosion stu^ enclosed In 
brackets. 

This present study and concurrent published reports (1-11) show that 
corrosion degradation Is part of a chain of mechanisms of change (see Fig. 1) 
which operate to alter photovoltaic rellablllllty and durability. The general 
LSA life prediction progrmi outlined In Fig. 4 can be readily developed to 
provide the necessary detailed studies end data for life prediction models and 
test plans. Implementation of this test plan would logically combine 
chemical, physical, and electrical testing Into a single program to Isolate 
materials and process options for Increasing LSA performance, reliability and 
durability. 
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4.3 AtaospheHc Corrosion Model | 

The Rultiple hypothesis described In Section 3.0 points out that 
ataospherlc corroslor 'Ives conblned condition of condensed moisture to | 

provide the electrolyte and Ionic conductivity at the corroding surface or j 

Interface. The condensation probability of moisture on a surface can be i 

i 

calculated based on an extension of conventional nucleatlon theory as briefly j 

reviewed by Adamson. Extension of the conventional nucleatlon theory by 

t 

consideration of the role of surface energetics end condensate wettability Is 
provided In a derivation by Kaelble^^^^ for nucleatlon of cavities at 
Interface. The central assumption In this discussion Is that the rate 
restriction to condensation Is associated with the extra surface energy of 
small condensation nuclei which diminish the probability of droplet formation. 

Based upon the above references and the nomenclature of Table 2 the 
following relations are readily derived for the process: 

nA(gas at pressure P) * Ap( small liquid drop) 


The probability of forming condensed droplets of n molecules from n-1 
molecules Is stated as follows: 


j -1.756 . 10^2 * yJ . 

Pc - T- - exp[ 3 2 

^ ^0 T-^dn ?/?^r 


( 1 ) 
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Mhere for liquid-solid contact angle 0 < 6 180 the wettability paraneter # 
Is (13): 


f " 0.2SC2 cos^ e - 3 cos e] (2) 

The condensation temperature shift due to surface capillary curvature Is 
defined by the following modified Kelvin relatlon^^^^: 


AT - 


-2 V Y 


LV 




(3) 


Following normal convention r^ Is negative for concave curvature of Internal 
capillaries. The probability temperature T curve Is shifted along 

the temperature axis by AT to define a new reduced temperature 

Tj. - T ♦ AT (4) 

for condensation on a rough surface with capillary radius r^. A computer 
program listing and computational output is shown In Table 3 which calculates 
both vs T and vs T^. This computer program Is written In Level II Basic 

for TRS-80 microcomputers. 

This computer model incorporates the surface and bulk properties of 
water as a function of temperature as shown In Fig. 5. The upper view of 
Fig. 6 shows the logarithm of the condensation probability P,. versus dew point 
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Minus surface temperature (Tq-T) for three solid surfaces. The solid surfaces 
are defined by a temperature Invariant surface tension Y^y which Is described 
by the following relatlon^^^^: 


Y 


sv 



(5) 


where the superscripts d and p describe the respective dispersion and polar 
components of solid-vapor surface tension. The temperature dependent surface 
properties of water are also described by dispersion and polar components 
where the ratio Y^y /Y^y " 0*43 Is assumed temperature Independent. For 
computational convenience the following parameters^^^^: 




(/ 

»Ylv» 


(Y”y) . 


(y’’ 


are substituted for these surface tension components. The computation of 
temperature dependent liquid solid contact angle e or cos e Is provided by the 
following work of adhesion relatlon^^^^: 


cos e 


2(Vs ^ 

hv 


- 1 < 1.0 


( 6 ) 


15 

C2413A/es 


Rockwell International 
Sci«nc« Center 
SC5106.86AR 


The solid surface properties and Influence the teeperature dependent 
values of cose of Eq. (6) and thereby modify the wettability parameter of 
Eq. (1) and Eq. (2). 

The Important new feature of the condensation model presented In 
Eq. (1) Is, of course, the capability to Incorporate the effects of surface 
wettability In the computation of the probability of condensation, P^, versus 
temperature or relative humidity. The curves of Fig. 6 show the large 
differences In versus surface temperature T^ or the surface supersaturation 
temperature (Tq - T^) produced by relatively small changes In solid surface 
properties and The surface energy diagrams of Fig. 7 shows the varla* 
tions In water surface tension properties from 263 K to 383 K In terms of a vs 
0. The versus properties chosen for calculation In Fig. 6 are shown to 
lie close to water surface properties and therefore display relatively good 
water wettability typical of corroding metal surfaces. 

The second Important aspect of atmospheric corrosion deals with the 
Ionic conduction processes at the corroding surface or Interface. The 
following relations define diffusion controlled corrosion for the following 
metal (M) oxidation process: 

M ♦ + ne" (solution) 


M + ne“ 


(electrode surface) 
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The equilibrium between the electrolytic solution and the surface Is described 
by the following classical relation 



RT 
■ nT 


♦n 


*" 'hif> • 


(7) 


Where the corrosion process displays a diffusion limited Ionic conductivity, 
the kinetic Is described by the following standard relation: 



RT 

nT 



( 8 ) 


The limiting diffusion current density " Amp/m^) Is defined by the 
following relation: 


t . nFDc 
IT 


(9) 


where the nomenclature of lower Table 2 define the electrochemical parameters 
of Eqs. (7-9). The maximun corrosion rate for atmospheric corrosion 
controlled by combined condensation probability ond limiting diffusion 
current I|_ Is given by the following simple expression: 
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% ^ 


, nFDC 
c 'TT 


( 10 ) 


For ataosphtric corrosion the Halting current I|_ Is usually established by 
the corrosion reaction In which o;^gen Is the cathodic reactant as follows: 

Og ♦ agO + 4e ♦ 40H’ 

The aaximua corrosion rate I|_ can be readily calculated for case where surface 
condensation has occurred with ■ 1.0. Taking the concentration of 
dissolved O 2 In water at 298K as C > 1.0 ao1/a^, the diffusion coefficient 
0 • 1.10~^ni?/s, diffusion layer thickness ■ 5.10~^a and number of electrons 
n*4 and t ■ 1.0 shows a predicted naxlnun corrosion current density I^i^x 
follows^ 


I-.* 0-77 Ai«p/a^(77 uA/ae^) 

MSA 

In Eq. (10) we can presume that I|_ will appear as a system constant once 
corrosion has advanced beyond the Initatlon phase described by the 
macroprocesses of Section 3. The environmental variation In the surface 
corrosion rate of an unprotected metal surface would be expected to vary with 
moisture condensation probability P^. 
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5.0 EXPERIMENTAL RESULTS 

This section discusses and Interrelates the results of corrosion and 
climatology studies conducted concurrently at the Mead test site under natural 
aging conditions and at the Science Center under simulated aging conditions. 

5.1 Maad Site Atmospheric Corrosion Monitoring (ACM) 

Technical details of atmospheric corrosion monitors (ACM) developed 
by the Science Center and employed In Mead site corrosion studies are 
presented In Appendix I. Four ACM units were fabricated for this program 
following the design of Appendix I using ten alternating plates of copper and 
zinc separated by a 50 nm Insulative film separator (DuPont polyester). 
This assembly was held together by nylon bolts and encapsulated In a castable 
epoxy so as to expose only one surface. This surface was polished to expose 
the edges of the Cu/Zn plates to provide the active corrosion monitoring 
surface. 

Two atmospheric corrosion monitors were Installed at the Mead, 
Nebraska site on July 12, 1979 by Mr. S. L. Jeanjaquet of the Science 
Center. One corrosion sensor Is bare so as to represent a corrosion response 
In the absence of encapsulant protection. The second corrosion cell Is 
covered with 2 nin SYLGARO 184 encapsulant over a reactive primer GE*SS4155. 

The reactive primer Is applied to provide a moisture-resistant bond between 
the SYLGARD 184 encapsulant and the metal plates of the corrosion monitor. 
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The output of the corrosion nonltors Is connected Into the data 
acquisition aysten at Mead as described In Table 4. The records of the 
corrosion Monitors at Mead can be correlated with concurrent recordings of 
envlronaental variables. Corrosion rates of the bare and Siyigard 184 
encapsulated monitor can be Intercoopared to Isolate the discrete role of the 
encapsulant. Two equivalent corrosion cells have been retained at the Science 
Center for accelerated aging studies. 

The data acquisition system at Mead provides automatic recording and 
digital printout of data at 10 min Intervals. With the kind cooperation of 
Dr. Steve Forman and Mr. Ray Hopkinson of the M.I.T. Lincoln Laboratories 
arrangements were made whereby these digital printouts have been sent to the 
Science Center on a monthly basis from August 1, 1979 through Jan. 31, 1980. 
These records have been analysed to Isolate both typical and significant 
climatic and corrosion correlations. An Intercomparison between ambient 
temperature and solar array string temperature for a continuous 56 hour period 
Is shown In Fig. 8. The upper abscissa of Fig. 8 Identifies the morning 
(A.M.) and evening (P.M.) periods through the 24 hr. day. The lower abscissa 
records the cumulative hours. During the mid-day hours 10-19 both ambient 
temperature and string temperatures achieve characteristic maximimi values as 
shown In Fig. 8. On day 221 which Is evidently clear and sunny at midday one 
notes In Fig. 8 that the string temperature at hour 13 (1 P.M.) rises 22*C 
above ambient Indicative of light absorption and thermal output by the solar 
array. On day 222 which Is cooler and cloudy the string temperature rises 
only 11 *C above ambient at hour 10 (10 A.M.). These dally variations and day- 
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to-d^ differences typify ^ suanrtlae cllaetlc records for the Meed test 
site. The concurrent precipitetlon, etaospheric aolsture and corrosion 
Monitor data for this period are shoMn respectively In the lower, Middle and 
upper views of Fig. 9. 

The lower curve of Fig. 9 shows that brief periods of precipitation 
occur at hour 7 and 20-23. The upper curves of Fig. 9 show the corrosion 
current outputs of the bare Metal exposed and RTV silicone coated corrosion 
Monitors. Note that the ordinate scale of these upper curves Is logarlthMlc 
to display a 10,000 fold range of corrosion current I. The upper curves of 
Fig. 9 show two periods of variable corrosion current output for the uncoated 
corrosion monitor during periods when relative humidity exceeds 80t R.H. . The 
RTV silicone coated unit Is passive with constant current I ■ 0.04 pA (micro 
amps.) during these two periods of high atmospheric moisture. This passive 
response of the coated monitor shows quantitatively that the RTV silicone 
coating Is providing a complete corrosion protection and moisture Isolation 
function within the sensitivity range of measurement. 

Inspection of Fig. 9 shows that the unprotected ACM (atmospheric 
corrosion monitor) corrosion current rises and falls as a direct function of 
both relative humidity (RH) or moisture supersaturation temperature (Tq - T) 
during high moisture conditions. Conversely, precipitation produces no 
special corrosion response not already related to atmospheric moisture 
saturation level. 
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The scalt of rolatlvt hualdity thowi In Fig. 9 Is not fully 
Infonutive of itaosphtrlc aolsturo conditions. During porlods wtitn RH ■ 100% 
tht dogroo of nolsturt suporsaturatlon Is not dtfinod. Tho seals of aolsturs 
supsrsaturatlon (daw point sHnus art>1snt tsepsraturs) . as shoMi In Fig. 9 
continues to dsscribs this laportant region of high lolsture and corrosion 
response and therefore Is preferable to RH as a cllaatlc Indication of 
corrosion processes. The curves of corrosion current (log^Q I) versus 
supersaturation teaperature (Tg - T) show) In Fig. 10 clearly Indicate the 
reversible transition In corrosion rate with level of aolsture supersaturation 
for two cycles of condensation and subsequent surface drying. This typo of 
reversible corrosion rate response shown In Fig. 9 and Fig. 10 was 
characteristic of wara weather response for Mead data for the uncoated ACM 
unit. 

The lower Halting value of corrosion current I ■ 0.04 uA shown In 
Fig. 10 reflects the lower sensitivity of aeasureaent. At this lower current 
output the dry uncoated ACM and RTV coated ACM are equivalent. As shown In 
Fig. 10 with Increasing supersaturation teaperatures (Tg - T) the corrosion 
current displaces an upper Halting value I > 15 pA. Referring to the 
corrosion aodel developed In Section 4 and Eq. (10) this upper Halting 
current refers to the condition where condensation probability Pq ■ 1.0 and 
the current equals the Halting diffusion current I ■ I|^. The transition 
region in corrosion current output, where (Tg - T) ■ -3.6 to 0.3, correlates 
with the rapid variation In log P^ predicted by ID *nd shown graphically 
In the calculated curves of Fig. 6. 
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During winttr wttthtr and particularly during tha freazt-thaw parlodi 
tha rasponsa of tha uncoatad ACN displays • aora coaellcatad ralatlon to 
Molstura and taa^>aratura. Tha curvas of Fig. II and Fig. 12 shOM a six day 
parlod In Dacaabar 1979 which typiflos wintar Naad sita ACM rasponsa. Tha RTV 
slllcona coatad ACM unit continuas to show 1owar Halt currant I ■ 0.04 uA 
undar all cllaata conditions Indicative of continued protection froa all 
anvl ronaantal corrosion stresses. 

Tha uncoatad ACM output shown In Fig. 11 and Fig. 12 now appears to 
respond In a coapileatad fashion to both ataospharic aolstura (Tq - T) and 
taaparatura relative to fraaze-thaw at T ■ 0*C. Tha corrosion aodal of 
Section 4 and Eq. (10) would reasonably ascribe this result to taaparatura 
dependence of Halting diffusion current and Ionic conductivity for lea as 
coaparad to liquid water. Both Ionic solubility C and diffusion coefficient 0 
bacoae potentially strong functions of teaperature near T ■ 0*C as described 
In the parameters of Eq. (10). 

The Mead corrosion and climatology recordings thus far support the 
preliminary hypothesis of Section 3 and the corrosion model of Section 4. 
Corrosion can occur at lower relative humidity due to surface capillarity 
condensation described by the corrosion model In Eq. (3). Typical reported 
values^^^^ for surface porosity and capillarity of corroded surface films Is 
r^ >- l*10~^a(10l). The calculations of Fig. 6 assume a somewhat larger value 
of r^ ■ -5*10*^m. The rapidly varying value of consensatlon probability 
accounts for tha large shifts In corrosion rata with degree of ataospharic 
moisture saturation. During winter periods the change In Ice-liquid states of 
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furftct condcnttd eolsturt It sttn to Modify txporletntal corrosion ratot Iqr 
prodictod varlatloni In tha diffusion controllad currant 

Tha ability of tha RTV slllcona coating on Inhibiting ACN corrosion 
procassas It claarly thotm. In tares of tha corrosion eodal and Eq. (10) tha 
RTV slllcona coating lowars both and at tha ancapsulant/eatal Intarfaca 
sufflclantly to affactivaly protact tha coatad ACM unit during tha antira six 
Month parlod of rtcoided Maad site axpotura (fron August 197S through 
January I960). 

5. 2 Auger Electron Analysis of Maad LSA Corrosion 

Auger electron spKtroscopy (AES) has bam used to detarelna tha 
coeposltlon of tha Intarfaclal region batMoen tha ancapsulant and tha solar 
call. Sensor Tech and Solarax calls ware analyzed which ware In tha unagad 
condition and which had been aged at Maad. Tha objective of this wort Is to 
daterelna tha coeposltlon of corrosion products and tha anvIronMantal species 
on the surface of tha solar call. Tha anvlroeantal species can result froe 
contaelnatlon during production processes or diffusion through tha 
ancapsulant. 

In order to parfore tha AES anaysis, tha ancapsulant «ist be raeovad 
froe tha call. Since AES Is sensitive to tha first two or three nonolayers on 
tha surface. It It leparatlva that tha ancapsulant be raeovad without 
handling. Tha pt'ocadura which was used Is at follows. First, a coeplata cell 
was cut froe tha panel. Than a one- Inch diaeatar hole was eachlnad In tha 
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support Mtorlsl (Fig. 13) until tho tdhtslvt, which bondtd tht slllcont coil 
to tho ptnti, wis rotchod. Tht sdhttivt wot nMvtd with twoozori. Tht 
proctduft uttd to roMst tht silicon rubbtr wu dictottd by tht qutllly of tht 
bond. In som .'*«t tht tncopsulont wot loottly bondod ond could bt roaovtd 
coapittoly by sinply pulling It owoy with twttzors. Tho portion of tho coll 
ovor tht holt wot thtn "punchtd out” ind ploctd In tht ultrohigh vocuun systta 
of tht sptctroaottr. In thost costs In which thtro wos o strong bond, tht 
ctll wos cloaptd bttwttn two olualnua plotts ond laatrttd In liquid 
nitrogtn. Aftor rtaovol frca tho liquid nitrogon tho ontlro ostti^ly wos 
ploctd In on ovtn, which wos ot 150*C, ond brought to roo»*ttaptroturt. Aftor 
this ttqutnct wos rtpoottd S-10 tiats, dtbonding occurrtd In scat ortos. 

Augtr onolytls wos ptrforaod both on tht surfoct os rtaovtd ond olso 
oftor sputtering to vorlous depths by orgon Ion boabordatnt. An txoaplt of 
the typo of sptetro obtointd Is shown In Figs. 14 ond 15. Figure 14 Is o 
spoctrua token froa the silicon surfoct of o Sensor Tech cell which wos not 
exposed ot Meod. The SIO^ onti- reflection cooting Is observed os well os P. 

C, Sn, ond Mo. Figure 15 Is the spectnai token ofter 60 A hos been rtaovtd by 
sputtering. Only SIO^ Is observed Indicoting thot'the contoalnoting species 
ore only severs) aonol^yers thick. 

Figure 16 Is s sketch showing the ortos onolyztd ond tht species 
found on tht surfoct of the unoged Sensor Tech pone) #5064 both before 
sputtering, nuaerotor, ond ofter sputtering, denoalnotor. The electron beta 
wos rostered to thot the ores onolyzed wos o squore opproxlaotely 2 as on o 
side. 
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Tabit 5 thOM tlw cofiUnlnaiits found on various aroas. Tuo calls 
uti^ cut fro« oach panel and approxi«ata1y tan points «rar« analyxtd on OKh 
wall. Augar analysis was porforaad on tno *as roMvod* surfaea and also aftor 
sputtofing to various depths. 

High concentrations of chloride lens wart found on the Mtalllzatlon, 
solder and Intercormocts of the unaxposad Sensor Tech calls. Chlorides ware 
found both on the surface and Inside the SIO^ coating. Tin and lead were also 
"apparently* In the SIO^. However, the possibility cannot be overlooked that 
SMll areas of the anti -reflection coating were moved with the encapsulant. 

If this were the case, the spectral, taken after sputtering, would be an 
analysis of both the Interior of the SIO^ and the surface of the natal llzatl on. 
As nentloned previously, a tin layer 60 A or less In thickness was found on 
the silicon. 

The two Sensor Tech cells which were renoved fm the exposed panel 
gave nixed results. No contaninants were found on one cell with the exception 
of a seal! mount of P at one point on the natal llzat Ion. The second cell 
which was renoved had high concentrations of P on the silicon surface. This P 
layer was approxlnately 1000 A deep. Both Cl and S were found on the solder; 
whereas, only Cl was present on the natal Hzatl on. Neither cell had a Sn 
layer on the silicon. 

No environnental ccr.tanlnants were detected on the silicon surface of 
the Solarex cells which were aged at Head. Carbon wu observed throughout the 
T4205, resulting fm the deposition process. However, the netalllzatlon on 
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these cells had a li^ered structure. The upper layer, approxlnately 50 A In 
thickness, was a mixture of silver chloride and silver sulfide. Beneath this 
salt layer there was a 300 A layer rich In silver but also containing moderate 
amounts of sulfur and chlorine. The silver-rich layer as well as the Ta 205 
coating contained large amounts of Iron. These layers were on top of the 
Ta 205 anti -reflection coating. Figure 17 shows the Auger spectrum from the 
surface of the salt layer; Fig. 18 Is the spectrum after 300 A have been 
removed by sputtering. The two cells which were analyzed from the aged panel 
had approximately the same composition, the only difference being In the 
relative amount of Ag 2 $ and AgCI on the metallization. 

Mixed results were obtained for the unaged Solarex Cells. No 
environmental contaminants were detected on either the silicon or the 
metallization of one cell. However, a thin silver sulfide layer was detected 
on the metallization of the second cell. 

The results of AES analysis of Mead site ISA corrosion lead to the 
following conclusions: 

1. High concentrations of chlorides were found on the 
metallization, solder, and Interconnects of the unaged Sensor 
Tech cells. Since chlorides were not found on the silicon or on 
the cells aged at Mead, thay likely originated from the solder 
flux during assembly. 

2. A 60 A thick tin layer was found on the surface of the silicon 
of the Sensor Tech cell which was not exposed at Mead. 
Preliminary results suggest the presence of Sn can be correlated 
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with discoloration, although this Is not conclusive at this 
point. There are two possible origins of the Sn: 

a. The residue from a cleaning solution during assembly. 

b. Surface migration of the Intennetalllcs. 

3. High concentrations of P were found both on the silicon and the 
metallization of the aged Sensor Tech cells. 

4. The AES results suggest that Ag from the metallization diffused 
through the anti -reflection coating of the Head- aged Solarex 
cell. This combined with S and Cl to form a 50 A Ag 2 S, AgCI 
layer on a 300 A silver film. 
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5.3 AC Iwpedance Analysis of Mead LSA Corrosion 

The electrical analog of a solar cell (see Fig. 1) has been described 
as a diode and a shunt resistor In parallel with a resistor R^ In 
series. This analog suggests the use of AC Impedance techniques as a more 
precise technique to monitor the cell performance than the presently used I-V 
curves. In conducting AC Impedance measurements, a small signal (about 10 W) 
Is applied to the test specimen and the AC components of current and voltage 
measured for each frequency. This analysis has been performed using a 
Solartron Frequency Analyzer Model 1174. The data have then been plotted for 
determination of the electrical parameters using a Hewlett-Packard desk-top 
Computer 982SS and a Plotter 9872A. A detailed discussion of AC Impedance and 
dielectric relaxation analysis Is presented by NcCrum, Read, and Wllllams.^^^^ 

The response of an electrical circuit to an AC signal Is shown In 
Fig. 19 which represents a metallic electrode In an electrolyte. A plot of 
the Imaginary part 1 * vs the real part Z* as a function of frequency 
f(u) ■ arf) results In a semi-circle. From the Intercepts at the Z'-axIs and 
the frequency at the maximum Z"- value the numerical values of the double 
layer capacitance C^, the polarization resistance Rpg^ and the solution 
resistance R^ can be determined. 

Another way of plotting the Impedance data Is shown In Fig. 20, where 
log Z' Is plotted against log u. The three electrical parameters can be 
determined from this plot as Indicated In Fig. 20. 
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AC Impedance measurements have been performed on three different 
modules of Sensor Tech and Solarex. The panels labeled "new” In the following 
were stored at JPL for about two years. The "Mead* panels had been exposed at 
the Mead test site, while the "control* panels were manufactured recently. 
These panels have been returned to JPL after the AC Impedance measurements. 
Measurements were performed In the dark In order to avoid problems with light 
sources In Increased scatter observed for measurements under light. 

Figure 21 shows that semi -circles are obtained for the solar 
panels. For the Solarex modules, the "new" panel had the. largest diameter 
(about 1950 ohms) which corresponds to the shunt resistor, Exposure at 
Mead reduced R^^ to about 350 ohms, probably due to chemical reactions related 
to corrosion. The Impedance plot for the "control" panel shows that R^^ Is 
much smaller than for the "new" panel. 

The Impedance data are also shown as a logZ'-logd plot In Fig. 22. 
While the value of R^^ can be determined quite accurately, especially from 
Fig. 22 at the low frequencies, the series resistance R^ Is more difficult to 
obtain. At very high frequencies (>100 kHz), deviations occur from the 
semicircle In Fig. 21, which are not consistent with the electrical analog In 
Fig. 9. Consequently, no straight line portion occurs In Fig. 22 which could 
be used to determine R^. 

For the Sensor Tech modules, similar plots were obtained. It will be 
noted that the R^^ values for Sensor Tech are much higher than for Solarex 
(Fig. 23). For the "control" panel, two semicircles occur which are shown In 


30 

C2413A/es 





Rockwell International 

Sct«nc« C*nt«r 
SC5106.86AR 


more detail In Fig. 24 where a small semicircle occurs at high frequencies and 
a much larger semicircle at lower frequencies. The high frequency semicircle 
Is shown In more detail In Fig. 24, at a higher sensitivity for the high 
frequency part of the plot. The results of the analysis for the six modules 
are listed In Table 6. The capacitance which In parallel to gives rise 
to the observed semicircle has been calculated from the frequency f„ and 
according to: 




The decrease of Rj^^ after exposure at Mead was found for both types of 
modules. For the Sensor Tech "control" module, the measurement was repeated 
with a measuring resistor of R„ > IKn In series which Increased the 
reproducibility of the iKasurement over the previous measurements which used 
lOGR. The reason for the occurrence of two semicircles Is not clear, but It 
Indicates the presence of two networks such as shown In Fig. 19 In series with 
very different time constants C^Rjt,. 

Measurements were also performed on single cells of the Solarex panel 
which had been returned from Mead. These measurements were made possible by 
the fact that leads had been attached to four single cells. The Z"-Z' plots 
for these four cells are shown In Fig. 25, and the Rsh and values In 
Table 6. The average value of 7 ohms for a single cell compares well to the 
data for the whole module which consists of 42 single cells In series. A 
similar conclusion Is reached for C^. 
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For some of the modules, I-V curves were Available which are shown In 
Fig. 26. Assuming that the slope of the curves at low voltage equals 
(Rs^-*-Rs)*^. while at high voltage It equals R^*^. comparison can be made of 
the Rj^ data shown In Fig. 26 and those given In Table 6. From the I-V 

curves, one can see the lower R^^ for the panel exposed at Mead and the ouch 

higher R^^ for the Sensor Tech module. The R^ values are quite low and fall 

between 2.9 and 4.8 ohms. While the trends of R^^ are the same for both ^pes 

of measurements, the numerical values do not agree very well. However, It has 
to be considered that the I-V curves were not recorded In the dark. More work 
Is needed to assess the merits of both approaches. The AC Impedance method 
has the advantage that a determination of R^^ and R^ could. In principle, be 
performed by a measurement at only two frequencies according to Fig. 20 In the 
two frequency ranges where Z Is Independent of frequency. This possibility 
makes the AC Impedance technique a candidate for field measurements of module 
performance which Is characterized by the numerical values of R^^ and R^. 
Further work will attempt Improvements In the precise measurement of the high 
frequency portion of the Impedance spectrum from which R^ Is obtained. 

5.4 Mead Simulation Aging Study 

The ability to simulate. In the laboratory, the natural aging and 
corrosion processes of outdoor exposure presents a rigorous test of corrosion 
modelling methodologies. If simulation can be achieved within the controlled 
conditions of laboratory aging then the proper baseline for accelerated aging 
can be established and applied In a graduated manner. As discussed In 
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S«ct1on 4.2, a revim of 10 year extremes of natural environments analogous to 
Mead. Nebraska documented the combination of climatic extremes and were Incor- 
porated Into the preliminary test cell design shoMn In Fig. 3. 

The upper view of Fig. 27 shows a photographic view of the Mead test 
site and LSA arrsy recorded on July 13, 1979. The lower view of Fig. 27 shows 
a dose view of the rear right comer of the LSA arrsy the test panel 
containing the atmospheric corrosion monitors (ACM) discussed In Section 5.1. 

The laboratory apparatus constructed to achieve Mead corrosion 
simulation Is shown In the upper photographic view of Fig. 28. This table 
mounted apparatus consists of two Haake Type K41 thermal regulators 
(-20*C to 100*0 with liquid circulation. The rear Haake unit circulates 
thermostatted liquid to the rear copper surface of the corrosion cell (see 
lower view Fig. 28). The liquid temperature of this rear Haake unit and the 
corrosion cell face Is programmed to follow the 3 hour pydes of alternate 
T^ > 344K and • 268K temperatures shown In Fig. 3 by the cam driven West 
controller affixed to the lower front table surface. The front Haake unit Is 
set at constant elevated temperature, T 3 > 307K for conditioning the 
alternating moist (1001 RH) and dry (> 0.0161 RH) air streams which pass 
through the corrosion cells. A time selector valve set for six hour Intervals 
switchs the air stream from moist to dry air every six hours. The liquid 
cooling and heating of the solar cell rear surface accomplished a much simpler 
and more effective solar cell temperature control than originally visualized 
In the preliminary design shown In Fig. 3 which deoended on air coding and 
heating. 
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Laboratory coaiprtssed air Is filtered and bubbled through deionized 
Mater at T 3 • 307K to achieve high aolsturlzatlon. The bubbler coluan Is 
filled with quartz fibers to achieve naxInMa air-water Interface. The dried 
air Is passed through a drying tower of Indicating type "Orlerlte* to achieve 
low Moisture of 0.016% RH characteristic of this cooH«rc1a1 dessicant. 


The lower view of Fig. 28 shows a close view of the corrosion cell. 

In this view two Solarex solar cells are thermally attached to the copper back 
plate of the corrosion cell using thermally conductive Thermocote (Thermal log 
Co.) thermal Joint compound. The remaining Inner back surface of the 
corrosion cell Is covered by a dosed cell Insulative foam. As shown In lower 
Fig. 28 the upper Solarex test cell Is covered by opaque aluminum foil to 
prevent direct Irradiation by a medium pressure mercury arc (450 watts- 
Hanovla) obtained on loan from Dr. A. Gupta, JPL. The radiation spectrum and 
photochemical aging effects of this lamp have been extensively documented In a 
recent JPL reports. This 1aa|> Is fittf! <1th a cylindrical pyrex 
cooling jacket with water cooling and shielded except for the sample exposure 
window with UV opaque aluminum foil. The solar cells are located 12.5 cm 
(5 In) from the center line of the lamp source. 

Experiments were conducted with a high pressure mercury-xenon lamp 
(1500W-Hanov1a) fitted with an air cooled pyrex filter to rrovide a near 
equivalence to solar spectrum and focused to provide a radiation output of 
1(X)0 watts/m^ as shown In the preliminary simulator design of Fig. 3. This 
exposure system was demonstrated but not extensively applied In the current 
studies due to the temporary availability of the v «11 documented medium 
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mrcury laap systei. Tht concept of concurrent UV exposure and shielding was 
applied to Isolate radiation effects froe hydro- thenial cycling effects. 

The different aging effects produced tiy one eonth of continuous 
exposure In the Mead corrosion slowlator are shown In the photographic views 
of Fig. 29. The upper view of Fig. 29 shows four encapsulated Solarex solar 
cells. The upper two Solarex cells were aged In the Mead slnulator one 
■onth. The lower two Solarex cells were cut from a panel (Solarex Panel 
0223030 - H.I.T. No. 003448) aged at Mead for approximately two years. 

The upper right Solarex cell In Fig. 29 was aged 1 month In the Mead 
simulator with UV exposure and shows the characteristic staining of the 
metallized collector shown by the lower two Solarex cells with two years Mead 
site exposure. The upper left cell of Fig. 29 was equivalently aged In the 
Mead simulator for one month with shielding from UV radiation. Inspection of 
Fig. 29 and this UV protected cell reveals the retention of the metallic 
luster on all metallized areas Indicative of corrosion Inhibition by UV 
protection. 

% 

The lower view of Fig. 29 shows four Sensor Tech solar cells aged In 
the Mead simulator for one month. The two left Sensor Tech cells were 
shielded from UV exposure by opaque foil while the two right cells were 
exposed to UV. A point source of light focussed on the solar cells from near 
the camera lens shows the higher level of light reflection and loss of 
efficiency of the anti -reflection coating In the UV exposed right Sensor Tech 
cells. This loss of anti -reflection efficiency and bleaching of anti- 
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rtf1«ct1on coating of tha Sensor Tech cells Is a proelnent aging character- 
Isltc shown for Sensor Tech nodules naturally aged at the Mead test site. 

These one nonth exposures In the Mead sinulator showed that the 
nacroscopic corrosion processes previously recognized for Solarex and Sensor 
Tech nodules aged at Mead could be reproduced In the Mead sinulator. The Mead 
sinulator experinents also clearly Indicate that tenperature nolsture cycling 
with UV protection does not produce these characterl stIc corrosion effects. 

The solar cells shown In Fig. 29 were continuously nonitored while In 
the Mead sinulator for photovoltaic responses as well as front and be'dc face 
tenperatures. These data are recorded on the nultl channel printing recorder 
(Honeywell) shown In the center right view of Fig. 28. Three typical 
tenperature traces recorded by the sinulator over a six hour control cycle are 
shown In the curves of Fig. 30. The curves of Fig. 30 show that the Solarex 
solar cell back face tenperature closely follows the tenperature progran of 
the Haake bath. At the high and low Units of the themal cycle the curves of 
Fig. 30 show a naxinun themal gradient of 10 to 12*C between back and front 
face tenperatures of the Solarex test cells. This themal gradient condition 
potentially produces themonechanical stresses of substantial nagnitude. An 
evident advantage of the corrosion sinulator Is the relative ease by which 
minor changes In solar cell responses can be detected and recorded as a 
function of tine and applied to a detailed analysis of degradation nechanisns. 

The curves of Fig. 31 show more detailed recordings of Sensor Tech 
solar cell response while under Head simulation cycling. In this experiment 
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thf alnlMua bath taaparatura It ralsad to 15*C In ordar to avoid tha cyclic 
frtaza-thaM condition shown In Fig. 30 for Solarox calls, lha uppar and lowar 
curvat of Fig. 31 show tha racordad analog signals of short circuit currant 
for tha raspactiva UV axpotad (uppar) and UV shlaldad (lowar) Santor Tach 
solar calls. Analytic «>da1s for photovoltaic rasponsa (saa Fig. 1 and 
Raf. 8-11) pradict that short circuit currant Is prlaarlly a function of light 
Intensity Md essantlally Indapandent of taaparatura and tha curves of Fig. 31 
conflra this prediction. Tha three teaparatura curves of Fig. 31 show good 
heat transfer at tha solar call back surface and mxlaua tharaal gradient 
through the cell thickness to 10 to 12 *C at tha slaulatlon taaparatura 
extreaes. 

Tha In-process wltlparaaeter recording produced by tha corrosion 
slaulator Is useful In checking analytic predictions of call response and 
providing accurate and sansltlvi Indications of anvironaental affects upon 
photovoltaic perforaanca useful In failure detection and prediction. 

Subsequent to the one aonth Mead slaulatlon exposure tha photovoltaic 
response of these solar calls ware evaluated by standard (I-V) testing 
conducted at the Jet Propulsion Laboratories (JPL). These tests and tha I-V 
curves of Fig. 32 (Solarax) and Fig. 33 (Sensor Tech) show that UV exposure 
and consequent corrosion In the Niad slaulator produce no significant 
degradation of I-V response. This particular result appears to correlate with 
M.I.T. Lincoln Labs field recults. As pointed out In Fig. 1 an I-V test Is 
not necessarily sensitive as a diagnostic tool due to the coaplex 
Interdependence of variables which detaralne overall I-V response. 
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AC Itiptdanct tests Mtrt conducted at various points In tho ono wnth 
Nsad oxposuro txptrlMnts. Tho date swMry of TabTt 7 shows tho offocts ono 
oonth Miad siwlatlon on AC iRpodanco proportlos. Tho UV shloldod Solarox 
test coll Is unchangod In AC lapodanco proportlos whilo UV oxposuro rosults In 
a Masurod Incroaso In shunt rosistanco. Iho capacitanco of both UV shloldod 
and UV oxposod Sonsor Toch test colls Is Incroasod by Noad slaulatlon aging 
whilo shunt rosistancos aro only slightly dialnishod as In lowor Tablo 7. 

Sonsor Toch solar colls aro shown In Tablo 7 to display auch highor shunt 
rosistanco valuos than tho Solarox solar colls. 

Tho highor shunt rosistancos shown (soo Tablo 7) for Sonsor Toch 
colls corrolato diroctly with tho MCh lowor slopo of thoir I*V curvos (soo 
Figs. 32 and 33). This rosuU corrolatos with tho analytic prodiction of 
Fig. 1 whoro'at tho short circuit test condition with v> 0 tho slops Is: 

dl 1 

AC lapodanco can roadlly aoasuro saall changos In as 
evidently can show onvironaontally related aging offocts 
directly In tho I-V curvos of tho seat solar tost colls. 


shown In Table 7 and 
not Indicated 
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6.0 CONCLUSIONS 

An ataosphtrlc corrosion wdol hat boon dtvtlopad and vtrlflad by 
fivt Months of corrosion rata and clleatology data acquirtd at tha Hand, 
Nabraska LSA tast sita. Ataospharlc corrosion rata iwnitors (ACM) Installad 
at tha Naad tast sita show that eolstura condansatlon probability and Ionic 
conduction at tha corroding surface >r Intarfaca art controlling factors In 
corrosion rata. Protaction of tha corroding surfaca by ancapsulant It claarly 
shown by tha ACM racordings to be nalntalnad, Indapandant of clleatology, ovar 
tha fiva Months outdoor axpotura parlod. 

A nawly dssignad Naad cIlMatology slaulator has baan iMplaMantad In 
laboratory corrosion studios to clarify corrosion Mochanlsas dliplayad by two 
typas of LSA Modulas at tha Naad tast sita. Furthar varlficatlon of tha 
corrosion aodal Is ona laportant outcoae of thasa controllad laboratory 
studios. Thasa studios show that tha Macroscopic corrosion procassas which 
occur at Naad can ba raporducad In tha c11«ato1ogy siMulator. Controllad 
axparlMonts with Idantical Moisture and te«parature aging cycles show that UV 
radiation causes corrosion while UV shielding Inhibits LSA corrosion. 
Modification of Ionic conductivity by UV degradation at tha ancapsul ant/wafar 
Intarfaca Is now suggested as tha probable controlling factor In corrosion 
MochanlsMs previously docuMantad on Mead aged *5A nodules. 

The Inplaaantatlon of AC Inpadanca as a nondestructive Monitor of 
environnantal aging In solar call arrays has baan daannstratad. Auger 
electron spectroscopy (AES) has been applied to datenalna the coaposltlon of 
tha Interfaclal region between ancapsulant and solar cell and detemlne the 
detailed corrosion processes In Mead aged solar arrays. 
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7.0 RECQMNENOATIOKS 

Th« rttults of this stu4y ImO to following spKifIc 
rico—ndotlom In tho orto of corrosion ind oncoptuUnt lift prtdictlon 
studios: 

1. Thtt corrosion wdtis tnd corrosion tost pltns prostntly 
dtvtioptd for thi Ntsd, Ntbrtsks sitt bt brotdtntd and applied 
to a wider range of environments Including urban pollutants and 
coastal salt spray. 

2. Further develop atmospheric corrosion monitors (ACM) and AC 
Impedance measurement and analysis as field deployable 
nondestructive evaluation tools of LSA performance and life 
prediction. 

3. Develop materials selection criteria and tests for corrosion and 
environment resistant Interfaces with 20 - year life 
capabilities. 

4. Develop and validate a more general module composite reliability 
model which Includes corrosion, e1ectro^>Sim1stry. and Interface 
bond Integrity as specialized subjects and describes cumulative 
damagt and performance changes directly In terms of photovoltaic 
current-voltage (I-V) response. 


40 

C24I3A/es 



Rockwell International 

Scl«nc« C«nt«r 


SC5106.86AR 


8.0 NEW TECHNOLOGY 

This studly has developed and demonstrated new corrosion models and 
corrosion ter^ methods. An atmospheric corrosion simulator provides combined 
environmenta''. simulation and performance monitoring. Atmospheric corrosion 
monitors (ACM) and AC Impedance measurements show promise as field deployable 
tools for monitoring LSA performance. A new criterion of minimized Ionic 
conduction at a potential corrosion surface or Interface provides a basis for 
encapsulant materials selection and for Interfaclal bonding. 
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Electrochemical Measurements of Time-of -Wetness 
and Atmospheric Corrosion Rates^ 

F. MANSFELD and J. V, KENKEL * 


Abstract 

An ttmosotitrtc corrosion monitor has bsan Oavatopad rvhich tllosvs monitoring of tima^f>««atnasi 
and corrosion bahsvior in outdoor axoosura. This davict is baing uiad in axposura ttudiat in Southam 
Califomia and has also baan appliad to laboratory itudias of atmospharie corrosion, in which ttia 
affscTi of salt paniciM, gasaous polluiants, impuritias in rust, tamparaiura, and rsiattva humidity ara 

aaaiuatsd. 


Following tha finding of Vsrnon' m 1931 that bayond a "critical 
raiaiiva humidity'' corrosion of s material sxposad to tha atmos- 
phara will taka place, it has baeoma apparent that massuramants of 
the lima at which this critical humidity it sacaadsd ara vary 
important. Sertda* has davalooad a method for maaturing tha 
M-cailaa "tima-of watnsw" of last oanaii and haa carried out a 
lumbar of mvsstigationt of stmotphanc corrosion thii this method. 
A summary of hit wont hat bean given raeantiy.^ Sarada't 

*Submiiiad lor publication May, 1979. 

'Scianca Canter, Rockwell International, Thousand Oaks, Califor* 
ma. 


method it batad on tha maatursmant of tfl* galvanic 
currant flowing balwaan sine snd platinum during a w io sp hsric 
axposura. This > ilvsnic currant davalopt In the prisartca of 
moittura, and iima-of-watnatt it lomswhat arbitrarily dsflhad at tha 
period during which tha galvanic currant maaturad at tha voltage 
drop across a 10 M(l ratittor sxesadt 0.2 V. Cuimah* hat utad 
Sarada't maaturing dMiea and hat conpudad that fpf a 4 year 
avaraga. tha timapf>wetnatt corratpondt to the lima during which 
tha raiativa humidity IRHI txcaadt M.9H at tha fast tiia m 
Birchbank, Briiith Columbia, Canatb. 

In Sarada't maaturing device,' a timer it ttartad whan tha 
potential dilfaranca sxesadt 0.2 V, and tha total timwdf-svatnats it 


Rtpnnisd from CORROSION, 'Voi. 33, No. I. pp. 13-16 (1677) lanusry 
Cupyrifhi 1977 by ihs Nanonsl Aisocialion of Corrosion Ensinsart. 3S00 Wtti Loop South. Koution, Tt. 770]? 
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rwortftd for • |t«on mi ptrM. Whil* iftit MoreteO i« eoruiiilv 
uMful, it dOM net illew cenOnueui menliorino of tno eorrotton 
boftwior of • mml moomO to otmowOffte eenditioni. Kucort and 
Motnen* hovo mod* (omo profrm In tfili diroetlon by d««tlopin| 
•n •ftctrocfiomical tocOniqu* Mftich can ba uaad to monitor 
aonoapharie eorreaion ram. Thay uaa a lalyanic call or an 
alaetreiytie call and raeerd tha call currant durinf axpeaura. In tba 
lalvanic call, a lare raabtanca ammatar IZMAI aa daaeribad by Uauar 
and Mantfald* and additional alaetronic aquipmant ara uaad Mhicft 
allotw continuoui racordinq up to 3 months in outdoor axpotura. 
Kucara and Mattson*'^ found t^ thair instrumant could diitln* 
fuiah batvuaan mm pariodi, Mhan tha laivanic currant llg) it high at 
a ratult of lurfaea moltfura ratulitng from rain, daM, fog, or inoM, 
and dry pariodi Mhan tha call currant Mat Iom. It Mat ataumad that 
tha lurfaea baeomaa Mat for 1^ >1 /JA. 

Exporimontal Approach and Raauitt 

Tha approach takan by Kucara and Mattton’’^ hat baan 
•raiuaiad furthar by tha authon in laboratory itudlat and outdoor 
axpoaura and lemo praiiminary raauitt hava baan raportad.*** Tha 
baaie dMign of tha atmoapharie eorroiion monitor lACMI (Pigura 1 1 
hat baan daaeribad in datail aitawhara.*’* A numbar of galvanic 
couplet hava baan uiad for eonttruetion of ACMt, tueh at Cu/ttaal, 
Gi/Zn, ttaal/Zn, Al/ttaal, and Al/Zn. Por outdoor axpotura ttudiat, 
Cu/ttaM and Cu/Zn ACMt hava baan found to ba most luitabla tinea 
thay ihOM large variations of tha currant batMaan "mm” and "dry” 
pariodt. Such ACMt have baan expoaad up to 4>1f2 months Mith 
eondnuout monitoring of tha galvanic currant. Oua to tha large 
variationt of 1^ batMaan 10** and 10* pA, it hat baan found 
naeaatary to uta a logarithmie convener batMaan tha output of tha 
ZhA and tha itrip chart raeordar Mhich it utad to monitor tha • 
galvanic currant. In this May. a direct plot of log Ig vt time (tl it 
obtainad. The alaetrieal arrormmant it ihowm in Pigura 2. Tha 
galvanic currant it maaturad by tha ZRA IA1), tha output of Mhich 
(Vg ■ IgRm) ^ ^ eonvanar IA2). Sinca tha log 

eonvartar used accapa only potitiva or nagMiva voltages artd ihOMt 
a vary large nagativa output for vary Iom input voiagat, it mm 
naeaatary to add a small constant voltaga Vg ■ 3 mV to tha input of 
A2, Mhich Mill bo maoMjrad Mhan tha surface baeomM dry (Vg -*0). 

A program mm tianod in January. 1978 in Mhich one or two 
ACMt Mora axpotad lor variout tima on the Scianca Cantar roof to 
provide a eondnuout record of atmovharie eorrotion over a 2 year 
period. Sknulttnaoutly, tamplM of Moatharing ttaal and gtlvaniiad 
ttaal Mara axpotad Mhich Mill ba ramovod at diffarani bmM in order 
to provide eerralationt b atMaa n ACM raodingt and eorrotion 
bahavior. Stoning in October, 1978, RH and tamparatura ara alto 
monitored at tha axpotura dta of the ACM. Pigura 3 thoMt ratulti 
obtainad for imo Cu/ttaai ACMt axpotad at an angle of 30 to tha 
south for a 24 hour poriod in July, 1978. Tha puipota el tha 
exparimant in Pigura 3 mm to find out whathar tha length of 
axpotura influartcM tha ratuitt obtained M<th ACMt. Tha davicM 
utad in tha exparimant of Pigura 3 had baan axpotad for 32 and 
108 dayt, raapaetivsiy, with only traeat of rain racerdad during this 
bma period. Oua to tha nightly oceurranct of dsM, both ACMt had 
a thick ruti tay ar. Tha eurvM in Pigura 3 thowt that even tmall dauilt 
ara raeordad vary timilarly by both ACMt. Tha galvanic currant ritH 
in tha tany tvaning hours and daerMMt tharply in tha morning. 
Theta raauitt thoM that ACMt Mill give similar ratuitt mdaoandant 
of axpotura time oiKa a corrosion product layer hat baan formed on 
Mhich an aiactrolyta Isyar can ba formed tt RH < 100% by tha 
maehanitm ditcuttad aariiar.* A freshly pelithad ACM Mould have 
shown only miner currant paaki during tha 24 hour period of 
Pigura 3. 

Pigura 4 dtewt galvanic currant, rtlativa humidity, and tampara* 
tura mtaturamanti for tha 20 day period batwaan October 27, 1978 
arid Nevambar 16, 1978 using a Cu/tiaal ACM which had baan first 
axpotad on July 16, 1978, During tha period eovarad in Pigura 4, it 
rainad only 1 day (October 30, 1978). The sharp nta of tha galvanie 
currant which oceurrad every evening— axcaoi for a 3 day paried 
from Nevambar 11 to November 13. 1975— >t tharafora due to 
cendanHtion of daw. Tha gahranic currant.tima curve it, m most 
catM, vary umilar to that shown m mors detail >n Pigura 3. Thera it 



PIQUR8 1 — Atme tp harla Corrotion Monitor (ACM). 


PA.G’: I'? 



PIQURf 2 — Sketch of alaetrieal arrangamanr 



PIOUR8 3 — Oahrsnie currant (Ig)— time tracM for two 
Cu/tiaal ACMt axpotad for different langtht of lima on tha 
Sdancs Cantar roof. 


a ttriking corraistion batwaan Ig and RH vaiuM u a function of 
time, maxims and minims of ig corrttponding to maxims and 
minims of RH, rttooctivaly. Thars it alto a corralaiien batwaan RH 
and tamparatura, in this cats a maximum in tamparatura corrw 
tpendt to a minimum of RH This eorraistien batwaan tsmeariiurs 
and RH doM not hold for tha period batwaan Nove m ber 11, 1975 
and November 13, 1975 whan due to Santa Ana wind conditions 
tha RH stay ad below 20% and no ugnal mm obtarvad from tha 
ACM. 






PIOUNI 4 — Oakranie currant (l|), ratttiva humMliy (RHt, 
•nd Mw paf aw IT) rwordad for ■ 30 day acriod on iho 
SoicnM Carttcr rocd* 


Th« effect Of tempera nire on tae galvanic currant of a Cu/ttaal 
ACM twaa oOtarvad in a laboratory nudy of iba ACM uaad in Figure 
4. Thif ACM vaac placad in a ten cail rrftica rwat connactad to a gia 
mixing tYMam ««aicf) allorva one to can -ol RH and add small 
amounia of pollutanis to tba air or nitrogen. Tha Cu/ataal ACM was 
axpoaad at RH ■ 80% and 1.0 ppm SOj, wfiich ia tba maximum 
SO] lavol uaad in tnaaa itudiaa. Tha galvanic currant llg) was 
ra c ordad eontinuoualy overnight aa waa tha room tamparatura (Tl 
utrng a thermistor. Figure 8 diowa that tha lluetuatiena of tha 
tamparatura due to tha night eyeio of tha air conditioning ayatam 
leads to similar huctuationa of Ig. which shows tha great tanaitivity 
of tha ACM to anvironmantal affacta. 

If it It aaaumad that tha teat turfaea is wot and cOToaion oceuri 
whan tha gahranlc currant axcaada 0.1 fiA, than tha turfaea of tha 
Cu/ataal ACM uaad m Figure 4 waa wot for 313 hours or 84.8% of 
the total 10 days batwaan Octobar 37, 1975 and Novambar 9. 1075 
and for 1 17 hours or 48.8% ol tha total time batwaan Novambar 8, 
1979 and Novambar 15, 1979. If one comoaraa the changaa of Ig 
and RH in Figure 4, one finds that tha Ig vaiuat axcaad 0.1 IJA at 
me time whan RH axcaada 40%. Figure 4 shows a dote correlation 
ba tw aan tima^f-watnata and RH >40%. These findings tuggaat that 
tha usually aeeaptad "critical humidiry"' of 80 to 70% is by far too 
hi^, probably because it does not uka mto account tfia effect of 
poihitancs in formation of corrosion product layers which causa 
co ndensation of alactrolyta. The finding of Gutman* that tha 
timaof wa t na as corresponds to RH >86.5% is surprising in tha light 
of tha results presented hare. It is ootsibia that at a site, which it 
raiativoiy free of atmospheric pollutants, corrosion products are 
formed whidt eondansata moittura only at higher RH. Tha authors 

p a 

have shtnwn for axampia ‘ that chionda ions on ACM surfMat lead 
to condantation and current how at lower RH than auifataa. in 


FIOUR8 6 - Oatvanic currant llg) for Cu/Zn ACM covarad 
xrith mat containing varioua additfvaa 12.5 lhft%l total) far 
cariou s ralativa humMitiat IRHI. 


further laboratory axparimants IFigura 9), it was shown for Cu/ttaal 
and Cu/Zn ACMt that rust, whan doped with chloride ions, 
produead higher cuirantt than rust doped with tulfataa. Tha rust 
waa prepared similar to Chandler's procadura,"* and various salts 
ware added at a total concentration of 3.9 Wt%. This mixture was 
placad on a freshly polishad ACM. and tha currant maaaurad ovar an 
8 hour period at 4 RH lavais. At tha highaat RH iprai. tha spread of 
Ig yaluaa raachaa almost three orders of rnagmtuda, showing tha 
tremandoua affect of impurinaa m corrotien produeta on eorroaion 
behavior, if it la again aaaumad that the surface bacomat wet for ig 
>0.1 (lA, than the "critical RH" would be about 73% for rust free 
of additions, and at low at 55% (or dooad rust. In tha cates of Zn, 
which It used m Sereda's dM«a. condantation should occur at RH • 


10% prowdad ZnCij'HaO 


diteutsad 







lykowlMki.'*''* CoMtdtrtnf tk«M rttulii, tki er4Mai humMtv 
npon*4 by Qutman w mi to to umiwotly hi«h. An •natyb* of tto 
tota of Kutoro and Mattion*'^ it mora difficuli Onto in did eata Ig 
it tomotitntt taan to Qaaftata twkan RH incraatat and viea yana. ^or 
tho ratnaininf lima, ttia currant it aacaartini 0.1 ^ for RH >7S%. 

OiHuaaion 

Tho paramatar nttaturtd with tha uta of ACMt ii tht (alvanic 
ou front (Ig). Tha ralationthip of Ig arith tha dittohition rata of tha 
anoda in a lalyanio eouoia and tho eorrodon rata of tha uneoupitd 
motal hat boon |i«an by tha author* in a tariat of oaoart eoncarning 
galvanic eorrodon of Al dlovt'^'* andothar mataii.'^*'* For tha 
oaaa of a eorrodon reaction in tvhich tha cathodic IraduetionI 
roaetion it under diffudon eontrol, at one Mould axptct in noutrd, 
aaratad tehident. it Mat thOMn that tha galvanie currant dtndty 
ll^l with racoac t to tha artoda it ralatad to tha limiiing diffudon 
currant dandty (1^1 for oaygan by; 


l^-lL 


aa 


111 


adtara aC/a^ it tho tree ratio of cathode to anoda and if ■ Ig/A^. 
Site* for ihd tyttom tha eorrodon currant dantity lie^l of tha 
uncouplad anoda aoudt tha limiting currant darwity (i^l: 

«ftor-'L 

dta galvanic currant dandty li^l it a maatura of tha eorrodon rata 
of tha anoda in tha eouoia: 


I 


A 

■ 


ac 

aA 


For an area of or«a tt uttd m tha ACM, tho maaturtd galvanic 
aouait tho eorrodon currant dandty of tha uncouplad anode: 


at 





141 


Thit tnaiydt thowt that in tha pratant application uta it made of a 
galvanic eorrodon phanomanon in order to maatura tha eorroiion 
rata a matai Mould have without any eouplittg to a diiaimiiar matd. 
wdiaraa t in tha mora eommon ttudiat of galvanie eorrodon tha lama 
maaturamant would to utad to titan to ineraaia of tha dittolution 
rata of an anode due to coupling to a cathode.' Tha raiuiti 
prattntad in Figure 34 tnoM, thtrafora, tht ehtngtt of tha 
eorrodon rata of itaal or Zn at t function of tima or RH, tinea 
aceordlngto Equationt 1-4; 


lg-k|r 


(Bl 


vdtara r it tho eorrodon rata, and k | a eonitant. 

It it dear from tha aaparimant*! data that tha ACM laadingt 
provida datailad information eoncarning lima^fmiatnatt of tHt 
pardt at diteuiaad for Figure 3. In addition, it hat bacomt aoptrant 
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that one obtaint cite a maaturamant of tha corrodvity of a givan 
latt dta dnea tha eorrodon rdta it maaturad diraedy according to 
Equation B. Tha raeerding of ACM data, tharafora, racuitt in 
timoof wetnett and eorrodon rata or corrodvity data, thereby 
aaeaading tha pocdbiiitiei Of Sarada'i device.* It hat to ba 
eautiortad that theca eaieuiatlont arc baaad on the thaoratical 
anaiydi of galvanie currant data llquationt t*8l which it derived for 
tha ideal eact of pure diffudon eontrol. Companion of alaatro- 
ehamied and waight loci dau d naeanary to evaiuata thd eoncapt. 
Such mtawramantt are prattntiy earned out in the laborctorv. 
while further avaluationi of ACMt it carried out by aapotura In Bl. 
Louie, MItiouri, where aapotura tattt for a large number of maialt 
are carried out at B tan litai,'* at which all important air quality 
par a m atari are maaturad eontinuoutiy under tha Regional Air 
Pollution Study (RAFSI for tha Bnvironmaniii Frotaetion Agency. 

Aefcnowlodginant 

Thit work wet tpontorad by tha Offiea of Naval Raaaareh under 
Contract N0001 4-78^788, NR038-10S. 
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TABLE 1 

MODULE MATERIALS (Rtf. 1-3) 


Manufacturer 

Sensor Tech 

Solarex 

Top Surface 

RTV 615 

Siyigard 184 

Encapsulant 

RTV 615 

Sylgard 184 

Priaer 

RH - 108 

Dow Coming 

A R Coating 

S10, 

T*z05 

Metallization 

Nl/Pb-Sn 

Tl/Pd/Ag 

Interconnects 

Cu/Pb-Sn 

Cu/Pb-Sn 

Substrate 

Plastic Sc reen/ A1 

Polyester G200/g1ass 
fiber 

Frame 

Aluminum 

Alumlnimi 

Cells, type 

N on P 

N on P 

diameter (nm) 

56 

75 

thickness (nm) 

0.042 

0.042 

number (full size) 

44 

42 

number (mini) 

24 

12 
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Tabit 2 

Meaning of Sjyabolt for Corrosion Model 
Part 1: Condensation Probability 


Sybol 

AF 

e 


p 

p. 


R 

T 

To 

«v 

V 

I 

lo 

at 


Meaning 

free energy of drop foraatlon 
■axleue free energy of drop formation 
wettability parameter 
liquid - solid contact angle 
liquid - vapor surface tension 
drop radius 

surface capillary radius 
liquid vapor pressure 
saturated liquid vapor pressure 
Avagadro's Number 
gas constant 
kelvin temperature 

kelvin temperature for liquid-vapor saturation 

water heat of vaporization 

water molar volume 

rate of condensation (drops/m^s) 

maximum rate of condensation 

condensation probability 

temperature shift due to capillary condensation 


Part II: Diffusion Controlled Corrosion 

M’*‘", Mj’*''* " respective Ion concentrations In solution and at 
electrode surface 

E 2 ■ oxidation potential of electrode with current density I 
■ oxidation potential without current 
I ■ current density (amperes/m?) 
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1|^ ■ Halting currant density 
0 ■ diffusion coofficlent of reducing Ion 
n ■ nuaber of electrons 
F ■ Feredey (96500 couloabs/equi valent) 

C ■ concentration of diffusing Ions (ao1es/a^) 
a • thickness of diffusion layer (■ 5 x 10~^ a In static solution) 
t ■ transfer nuaber of all Ions In solution (■ 1.0 If aar^y other 
Ions present). 
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Tabit 3 

CoapuUr Modal for Molstura Condanutlon 
(Laval II Basic for TRS-80) 


10 REM ^MOISTURE CONDENSATION MODEL - D. H. KAELBLE - 19DEC 79* 

15 PRINT ”*-M0ISTURE CONDENSATION MODEL - * D.H. KAELBLE 19DEC, 79* 
20 DIM A(13,4) 

30 FOR R-0 TO 13 
40 FOR CK) TO 4 
50 READ A(R.C) 

60 NEXT C.R 

70 DATA 263.5.655, 7.7QE.2.1. 8043-5,2. 520E6 
80 DATA 273.6.412,7.563-2,1.800E-5,2.489E6 
90 DATA 283,7.110,7, 423-2, 1.802E-5,2.469E6 
100 DATA 293.7.752.7,26E-2.1.804E-5.2.448E6 
no DATA 303,8.349,7. 12E-2,1.807E-5,2.427E6 
120 OATA 313.8.903,6.96E-2,1.815E-5,2.402E6 
130 DATA 323.9.417.6. 79E -2. 1.822E-5.2.381E6 

140 DATA 333.9.894,6.62E-2.1.831E-5,2.356E6 

150 OATA 343,10.366, 6.44E-2.1.84QE-5.2.335E6 

160 DATA 353.10.762.6.28E-2.1.852E-5.2.310E6 

170 DATA 363,11. 155,6.08E-2,1.865E-5,2.285E6 

180 OATA 373,11.521,5.89E-2,1.879E-5,2.259E6 

190 OATA 383,11. 869.5.69E-2.1.893E-5.2.230E6 

200 DATA 393.12.132,5.52E-2,1.909E-5.2.201E6 

210 INPUT "DEW TEMP(TO). CAPILLARY RADIUS (RC)";T0,RC 

220 INPUT "SUBSTRATE ALPHA(AS), OETA(BS)", AS.BS 

230 FOR I >0 TO 13 

240 IFA(I,0)>TD THEN GOTO 250 

245 NEXT I 

250 J-I-n: FT>(TD-A(8,0))/(A(J,0)-A(I,0)) 

260 PO-eXP(A(I.lWA(J,l)-A(I,l))*FT) 

270 GD-AC(I,2HIA(J.2)-A(I,2))*FT 
280 V0-A(I,3)+(A(J,3)-A(I,3)m 
290 HD-A(I,4K(A(J,4)-A(I,4))*R 
300 AL-SQR((0.3)*GD): BL-S(3l((0.70)*GD) 

310 HA-2*((AL*AS)>BL*BS)): TH-((HA/GO)-l) 

320 PH-0.25*(2+(TH*TH*TH)-(3*TH)) 

330 IM-5.657E18*P0*P0 

340 PRINT "DEW PT. VAPOR PRESSURE (P0)-";P0 
350 PRINT "DEW PT. MOLAR YOLIOC (VD)>";YO 
360 PRINT "DEW PT. SURF. TENSION (GO)«";GO 
370 PRINT "DEW PT. HEAT OF YAP. (W)-";HO 
380 PRINT "DEW PT. HEHING PARAMETER (PH)-";PH 
390 PRINT "DEW PT. NUCLEATION RATE (IM)-";IM 
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400 INPUT "MIN TEMP (Tl). MAX TEMP (T2). NO. TEMP STEPS(N)";TIJ2.N 
410 PRINnAB(0)"TEMP. *;TAB(13)*CONOENS.";TAB(26)”REO. TEMP.”;TAB 
(39)"0IFF. TEMP. ";TA8( 52) "NET. PAR- 

420 PRINTAB(0)-(T)-:TAB(13)-PR0B.(PC)".TAB(26)-(TR)";TAB(39)"(T 
B-TR)-;TAB(52)"(PT) 

430 FOR T-Tl TO T2 STEP (T2-Tl)/N 
440 FOR TO 13 
450 IF A(K,0)>T THEN GOTO 460 
455 NEXT K 

460 LMC^l: FT-(T-A(K,0))/(A(L.0)-A(K»0)) 

470 P-EXP(A(K,1)+(A(L,1)-A|K.1))*FT) 

480 PP-(L0G(P/P0)): PQ-PP«PP 
490 6T-A(K,2)4>(A(L.2)-A(K.2))*FT 
500 VT-A(K,3)+(A(L,3)-A(K.3))*FT 
510 HT-A(K,4)^(A(L.4)-A(K,4))*FT 
520 AT-SqR((0.3)*6T):BT-SOR(0.70)"6T) 

530 NB -2*( ( AT*AS )♦( BT*BS ) )/TA-( ( HB/6T ) -1 ) 

540 PM).25*(2^(TA*TA*TA)-(3*TA)) 

550 PC-EXP ( ( (-1. 756E22 )*PT*VT*YT*GT*GT*8T )/(T"T*T*PQ ) ) 

560 n-((-2)"VT*GTn)/(HT*RC*0.018) 

570 TR-T+n 

580 PRINHABIO) T;TAB(13)PC;TAB(26) TR;TAB(39) TD-TR;TAB(51)PT; 
590 NEXT T 
600 GOTO 600 
READY 
>. 

RUN 

^•MOISTURE CONDENSTION MODEL -"D.H. KAaBEL 19DEC.79 

DEN TEMP(TD). CAPILARY RAOIUS(RC)? 307, -5E-9 

SUBSTRATE ALPHA(AS), BETA(BS)? .135, .206 

DEN PT. VAPOR PRESSURE (PD)-5402.4 

DEN PT. MOLAR VOLUME (VD)«1.8108E-05 

DEN PT. SURF. TENSION (GD)-. 07062 

DEN PT. HEAT OF VAP. (HD)-2.4146E«06 

DEN PT. NEHING PARAMETER (PH)-. 015286 

DEN PT. NUCLEATION RATE (IM)-1.65105£t26 

MIN TEMP(T1),MAX TEMP(T2),N0. TEMP STEPS(N)? 277, 307,10- 


MIN TEMP(T1).MAX TEMP(T2). NO. TEMP STEPS(N)? 277, 307.10 


TEMP 

CONOENS 

RED. TEMP 

OIFF. TEMP 

MET. PAR 

(T) 

PROB. (PC) 

(TR) 

(TO-TR) 

(PT) 

277 

.390756 

280.357 

26.6427 

.0288795 

280 

.349925 

283.382 

23.6183 

.0273206 

283 

.290522 

286.395 

20.6053 

.025156 

286 

.232903 

289.422 

17.5784 

.0238461 

289 

.167634 

292.448 

14.5517 

.022558 

292 

.0992945 

295.475 

11.5252 

.0212925 

295 

.0259326 

298.496 

8.S9369 

.0205209 
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296 

3.564E-03 

301.524 

5.47604 

.0191209 

301 

2.18337E-05 

304.551 

2.44867 

.0177641 

304 

3.945S9E-23 

307.59 

-.590066 

.016669 

7/0 ERROR 

IN 550 





READY 
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Table 4 

Data Acquisition Channels at the Mead, Nebraska 
Solar Test Site 


Channel No. 


Data 


552 

Back temperature of solar panel of string 25 

562 

Total horizontal solatlon 

563 

Total normal solatlon 

564 

Tilted solatlon 

565 

Tilted UY solatlon 

617 

Bare corrosion monitor on string 25 

618 

RTV 814 coated corrosion monitor on string 25 

659 

Precipitation 

660 

Dew point 

661 

Barometric pressure 

662 

Ambient temperature 
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Table 5 

SunMary of AES Analysis 


ffG. 



DEPTH 


A 

HISTORY 

APPEARANCE 

SPUHERED 

♦CONTAMINANTS 

NU16ER 





SENSOR 




METAL: ^ C 

TECH 

UNAGED 

BlUE-GRAY 

60 a 

SOLDER; C 

5064 




INTERCONNECT: £1^ C, 

SILICON: Sn 

SENSOR 




METAL: 

TECH 

UNAGED 

BLACK 

60A 

SOLDER: ^ 

5064 




INTERCONNECT: Cl. C 





SILICON: C, Sn 

SENSOR 




fCTAL: P 

TECH 

AGED 

DULL GRAY 

60A 

SOLDER: NONE ! 

0380 




INTERCONNECT: NONE ! 

SILICON: NONE 

SENSOR 




fCTAL: £ 1 

TECH 

AGED 

FOOGY BLUE 

2900A 

SOLDER: S. Cl ! 

0380 




SILICON: P, 

SOLAREX 

UNAGED 

CLEAR BLUE 

3500A 

fCTAL: A^, C, SI, S , Fe 

0308016 




SILICON: C 

SOLAREX 

UNAGED 

SILVER BLUE 

3500A 

fCTAL: ^ ^ Fe 





SILICON: £ 

SOLAREX 

AGED 

CLEAR BLUE 

lOOA 

fCTAL: S, ^£, Si 

0217155 




SILICON: C 

SOLAREX 

AGED 

CLEAR BLUE 

1200A 

METAL: ^ C, £, Cl, 
SILICON: £, 


♦CONCENTRATION: Ag(low); ^(med); ^(hlgh) 
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T«D1« 6 

>C laptdanci Analysis 





C^.(uFx102) 

Solar Call 

Ranrfcs 

1082 

6798 

1950 

7.5 

Solarax Nom (308016) 


1550 

9739 

338 

30.4 

Solarax Miad (0217155) 


8300 

26075 

540 

7.1 

Solarax Control (0213013) 


1040 

6535 

12800 

1.2 

Sansor Tacft Maad (0380) 


854 

5366 

9600 

1.9 

Sansor Tach Na» (5064) 


360 

2702 

12100 

3.1 

Sansor Ttch Control (2170) 

1st saal-drcla 

450 

1414 

163C0 

4.3 

Sms 

1st saal-clrcla 

0.32 

2.S 

445000 

86 

Um 

(R, - IXfl) 

2nd saal-^lrclt 

15.4x10^ 

48.4x10^ 

5.2 

Sln^lt Calls, 
4.0tiF 

Solarax, !iaad 

(R, • 1X0) 

15.7 

49.3 

5.4 

3.8 



11.2 

35.2 

8.9 

3.2 



15.8 

49.6 

8.9 

2.3 
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Table 7 

Mead SiRulator Aging Effects on AC lepedance Response 
(Tested In Ambient Lab Illumination) 


Specimen 

Rsh 


c 


(ohm) 

(ohm) 

(wF) 

Solarex UV shielded (single cell) 


, 


unaged 

25.5 

1.0 

1.48 

one month Mead simulator 

25.8 

1.0 

1.47 

Solarex UV exposed (single cell) 




unaged 

40.8 

1.0 

1.53 

one month Mead simulator 

47.2 

1.0 

1.50 

Sensor Tech UV shielded 




(2 cells In series) 




unaged 

368 

* 

0.21 

one month Mead simulator 

365 

* 

0.30 

Sensor Tech UV exposed (2 cells In 

series) 



unaged 

540 

★ 

0.21 

one month Mead simulator 

522 

* 

0.27 


*Sma11 value, below detection capability 
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CAUSES 


MEAO CLIMATOLOGY INPUT 

1. UV RAOIATION 

2. TEMPERATURE 

3. MOISTURE 

4. MECHANICAL (WIND, IMPACT) 

EFFECTS 

MECHANISMS OF CHANGE 

1. JV HYDRO-OXIDATIVE DAMAGE 

2. HYDROTHERMAL OEGRAOATION 

3. MECHANICAL CRAZING 

4. ADHESION LOSS 

5. CORROSION 


POWER OUTPUT BELOW SPECIFICATIONS 


(R«) SERIES REiisTANCE ' 

INCREASE 

(Rcu) SHUNt"^ISTANCE 
REDUCTION 

liJrOIODE 

LOSS 

~0i ) LIGHT^ENERATEO 
CURRENT LOSS 

GRIO CONTACT OEBONDING 

POTTANT CONDUCTION 

JUNCTION 

ALTERATION 

OPTICAL TRANSMISSION 
LOSSES 

LEAO CONTACT DEB0N0IN6 

SURFACE-STATE 

CONDUCTION 


RECOMBINATION LOSSES 

LEAO FRACTURE 

JUNCTION DAMAGE 


CELL FRAGMENTATION 


BACK CONTACT OEBONDINQ 

GRID EROSION/CORROSION 

BACK CONTACT 
EROSION/CORROSION 

SURFACE LAYER 
RESISTANCE CHANGE 

BULKS! RESISTIVITY 
INCREASE 



f / QIV-IRo)\ 1 (V-IRc) 



Fig. 1 Aging causes and effects. 
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VARIABLE 



- T 3 + 37 - 344K (100% RH) 




1 

! 

T 3 - 

307K 













T2- 

T 3 . 39 - 

S 

CO 

CM 

16 RH) 


SOLAR RADIATION - 1000 watts/m^ 


HOURS 


Fig. 3 Environmental solar test cell. 
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MEASUREMENT AND 
ANALYSIS PROGRAM 


T 


UV-VISIBLE SPECTRUM 
IR SPECTRUM 
CHEMICAL ANALYSIS 


SWELL-GEL 

LIQUID CHROMATOGRAPHY 


THERMAL TRANSITIONS 
VISCOELASTIC SPECTRUM 
HYDROTHERMAL ANALYSIS 


STRESS-STRAIN RESPONSE 
FAILURE ENVELOPE 
FAILURE STATISTICS 
DEFECT ANALYSIS 
PROBABILISTIC PREDICTIONS 


SURFACE ENERGETICS 
BONDING CHEMISTRY 
FAILURE ANALYSIS 

AUGER PROFILING 
AC IMPEDANCE SPECTRUM 
CURRENT-VOLTAGE PROFILE 
CORROSION MODEL 
CORROSION T EST PLAN 

LIFE PREDICTION MODEL 
LIFE PREDICTION TEST PLAN 
MATERIALS-PROCESS OPTIONS 


Fig. 4 General LSA life prediction program. 
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Fig. 5 Temperature dependence of water properties. 
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SURFACE TEMPERATURE T, (K) 


317 307 297 287 277 



[DEW POINT -SURFACE TEMP] -(Tq-T,) (K) 


Fig. 6 Condensation probability (logjo s^*"^**^* temperature (Tj) for 

three values of solid surface energy (a,, 85). 
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Fig. 7 Surface properties of v<ater plotted on a surface energy diagram of 
dispersion U) vs. polar (0) forces. 
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0 A^. 12 P.M. 24/0 A.M. 12 P.M. 24/0 Aid. 0 




DAY 221 
(AUG 9. 1079) 


DAY 222 


DAY 223 



Fig. 8 Comparative Mead site ambient and solar array string temperatures. 
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Fig. 9 Corrosion Monitor 
r«ln cllnatology. 


(upper view) correlation to Mead site nolsture and 
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-6 -4 -3 -2 -1 0 10 

T|j-T (K) 

F;g. 10 Corrorlon *%>nltor current (I) vs. aolsture super seUiratlon 
teapereture (Tq - T). 





SC80-6281 


Rockwell International 

Sci«nc« C«ntor 


S A.M. 12 


P.M. 24/0 


A.M. 12 P.M. 24/0 


SC5106.86AR 
A.M. 12 P.M. 5 



ig. 11 Corrosion Monitor (upper view) correlation to f^ad site climatology 
for freeze- thaw periods. 
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Fig. 13 Sample preparation for Auger electron spectroscopy (AES) by Interface 
profiling. 
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Fig. 14 Auger spectruM of silicon surface of i 
No. 5064. 
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Sensor Tech Module 
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Fig. 15 Auger spectruM of sputtered (60A) silicon surface of unaged Sensor 
Tech Module No. 5064. 
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Fig. 19 AC Impedance model and semicircle Co1e-Co1e plots. 
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Fig. 20 Frequency spectrua of AC 1^>edance response. 
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Fig. 24 Cole-Cole plots for single cells of aeed eged Solarex panel. 
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Fig. 25 Cole-Cole plots for single cells of Mead aged Solarex Panel, 
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Fig. 26 Reference I-V (current-voltage) photovoltaic response 
curves . 
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Photoc' aphic view of Mead, Nebraska LSi 
and atmospheric corrosion monitors (lo' 
rear right portion of array. 
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Photoview of Mead corrosion simulator (upper view) and close 
view of corrosion cell (lower view) with UV protected (upper 
foil covered) and UV exposed Solarex LSA cells underiioing 
equivalent temperature moisture cycling. 
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Fig. 30 Monitoring of Solarex single cell response In Mead corrosion 
simulator for a typical 6 hr (300 Mini cycle. 
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Fig. 31 Monitoring of Sensor Tech 2-cell series response In Mead corrosion 
siMlator for a t/plcal 7.5 hr (105 aln.) cycle. 
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Fig. 32 Current-voltage (I-V) response of Solarex solar cell (single cells) 
at - 1 sun light curve. 
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Fig. 33 


Current-voltage (I-VJ 
series) at 100 niW/cir 


response of Sensor Tech solar cells (2 in 
1 i ght. 


87 



